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Performance of Ambient Backscatter Systems Using
Reconfigurable Intelligent Surface
Yunfei Chen, Senior Member, IEEE
Abstract— Reconfigurable intelligent surface (RIS) has been
proved effective in improving the performance of communica-
tions. In this letter, the effect of RIS on individual links in
ambient backscatter communications is examined. The average
bit error rate is derived for the cases when the source-to-reader
(S-R) link, the source-to-tag (S-T) link, or both S-R and S-T
links use RIS to enhance their links. Numerical results show
that generally speaking the performance of ambient backscatter
communications degrades when the number of RIS elements in
the S-R link increases, while improves when the number of RIS
elements in the S-T link increases, when RIS is used to enhance
the relevant link. Also, the two effects cancel out but in general
the performance improves when both links are enhanced by RIS.
Index Terms— Ambient backscatter communications, perfor-
mance analysis, reconfigurable intelligent surface.
I. INTRODUCTION
Recently, ambient backscatter communication has been pro-
posed [1] - [4]. A key performance measure of ambient
backscatter communication is the bit error rate (BER). Hence,
various signal detectors have been studied in terms of their
BER. To name a few, in [5], coherent detectors and energy
detectors were proposed for backscatter communications. In
[6], the tag signal was encoded using Manchester coding and
the corresponding maximum likelihood detector was then pro-
posed. In [7], energy detectors were proposed for orthogonal-
frequency-division-multiplexing signals. In [8], the physical
layer security of ambient backscatter with hardware impair-
ment was investigated. In [9], energy and maximum likeli-
hood detectors were proposed and analyzed using Gaussian
approximation. These works have provided useful guidance
on ambient backscatter designs.
On the other hand, reconfigurable intelligent surface (RIS)
has arisen as an effective way of improving wireless channels
[10]. It uses a reflective surface that is able to adjust the
phase continuously [11] or discretely [12], [13], as well as
use amplitude control [14] to compensate the channel fading
for diversity gain, and has been adopted in different com-
munications systems for performance improvement, including
ambient backscatter communications. In [15], an ambient
backscatter communications system using RIS in all links was
studied to show improvement over systems without RIS. In
[16], RIS was deployed in a bi-static backscatter communi-
cations system and beamforming was performed to minimize
transmission power. These works have provided insights on the
use of RIS in ambient backscatter communications. However,
they fail to reveal the impact of RIS on the individual links
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in ambient backscatter communications. It is observed from
[5] - [9] that a good signal quality is not always beneficial for
ambient backscatter communications.
In this letter, the effect of RIS on individual links in
the ambient backscatter communications system is examined.
The BERs using RIS in the source-to-reader (S-R) link, in
the source-to-tag (S-T) link and in both links are analyzed.
Integral expressions for the average BERs are derived using
the large signal-to-noise ratio (SNR) and Gamma approxima-
tions. Numerical results are presented to show that the BER
performance improves when the number of RIS elements in
the S-T link increases but deteriorates when the number of RIS
elements in the S-R link increases, in the general case. When
both the S-T and S-R links use RIS, the BER performance still
improves but the improvement is smaller. These are based on
the assumption that RIS is used to enhance the links.
II. SYSTEM MODEL
Fig. 1 shows the system considered. The ambient radio
frequency (RF) source transmits the RF signal s[n] assumed
to be Gaussian with s[n] ∼ CN (0, Ps) and unknown. When
the tag transmits a bit of ’0’, it does not reflect the signal from
source so that the tag reader only receives the direct signal as
y[n] = hsrs[n] + w[n] (1)
where n = 1, 2, · · · , N index the signals received, hsr is the
channel gain in the S-R link from the RF source to the tag
reader with hsr ∼ CN (0, σ2sr) and w[n] is the additive white
Gaussian noise (AWGN) with w[n] ∼ CN (0, σ2w). When the
tag transmits a bit of ’1’, it reflects the signal from source so
that the tag reader receives both the direct signal from the RF
source and the reflected signal from the tag as
y[n] = hsrs[n] + αhsthtrs[n] + w[n] (2)
where hst is the channel gain in the S-T link from the RF
source to the tag with hst ∼ CN (0, σ2st), htr is the channel
gain in the link from the tag to the reader (T-R) with htr ∼
CN (0, σ2tr) and α is the tag coefficient.
Denote h0 = hsr and h1 = hsr + αhsthtr. From (1) and
(2), the maximum likelihood detector can be derived and its
BER is [5]
Pe(ρ) =




, 0 < ρ < 1
Pe(ρ) =




, ρ > 1 (3)
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, Γ(·) is the Gamma function [17,
eq. (8.310.1)], γ(·, ·) is the lower Gamma function [17, eq.
(8.350.1)] and Γ(·, ·) is the upper Gamma function [17,
8.350.2]. One sees from (3) that the BER is minimum when
ρ → 0 or ρ → ∞ and maximum when ρ → 1. To reduce
BER, |h0|2 and |h1|2 must be as dissimilar as possible.

















ρ− 1) + γ(N,N
ln ρ
ρ− 1)]f(ρ)dρ] (4)
where f(ρ) is the probability density function (PDF) of ρ to









will use this approximation to derive the PDF of ρ. Simulation
reveals that it is accurate when γs is above 20 dB. The results
in the general case are difficult to obtain.
A. Without RIS
For the original system without RIS, one has
ρ ≈ |1 + αhst
hsr










tr ∼ CN (0, 1). Denote the direct-to-





. Conditioned on h′st
and h′sr, ρ is the square of a Rician random variable. Thus,
the conditional PDF of ρ is derived as [18]


















where I0(·) is the zero-th order modified Bessel function of the
first type [17, eq. (8.406.1)]. Also, since both h′st and h
′
sr are




2 is the ratio of two exponential




, x > 0. (7)









This integral cannot be further simplified unless one uses the
series expansion of the Bessel function but this will lead to
an infinite series for truncation.
B. RIS in S-R Link











where I is the number of RIS elements, ui is the channel from
the source to i-th element of RIS with ui ∼ CN (0, σ2u), vi is
the channel from the i-th element of RIS to the tag reader with
vi ∼ CN (0, σ2v), and θi is the adjustable phase shift with θi =
−∠ui−∠vi to enhance the link. For analytical tractability, we
consider continuous phase shift. Amplitude control is not used
to save cost of power amplification. Using (9) in (5), one has








i ∼ CN (0, 1). The conditional PDF of ρ is




















2 . The ran-
dom variable
∑I
i=1 |u′i||v′i| does not have any closed-form.
Extensive simulation suggests that it can be well approximated
by Gamma distribution. Using moment-matching, one has
E{∑Ii=1 |u′i||v′i|} = π4 I = k ∗ c and E{(
∑I
i=1 |u′i||v′i|)2} =
I+I(I−1)π216 = k(k+1)∗c2, where k∗c and k(k+1)∗c2 are
the first- and second-order moments of Gamma distribution, k













with k = I π/44/π−π/4 and c = 4/π−π/4 obtained by solving the
two moment equations. The cumulative distribution function
(CDF) of Xr can be derived as


































where the second equation is obtained by using the exponential
distribution of |h′st|2, the third equation is obtained by using
[17, eq. (3.462.1)], and D(·) is the parabolic cylinder function
[17, eq. (9.240)]. Finally, the unconditional PDF of ρ can be
calculated by differentiating (13) with respect to x to get the
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C. RIS in S-T Link
Similarly, if the S-T link uses RIS1, h′st is replaced by
∑I
i=1 |p′i||q′i| in (5) to give






where p′i is the normalized channel from the source to i-th
element of RIS with p′i ∼ CN (0, 1), q′i is the normalized
channel from the i-th element of RIS to the tag with q′i ∼
CN (0, 1), σ2p is the average fading power from source to RIS,
σ2q is the average fading power from RIS to tag, and other
































Then, the PDF of Xt can be derived by differentiating (16)































Compared with (14), one sees that x in (17) is inverse to x
in (14), because Xt is inverse to Xr in distribution. Thus, the
effect of k or I on the performance in this case is reverse to
that in the previous subsection.
D. RIS in Both S-T and S-R Links
Finally, when both the S-R and S-T links use RIS, one has






































i=1 |p′i||q′i| can be approximated as
Gamma with shape parameter k and scale parameter c, as
before. Their ratio follows a Beta prime distribution. Since









, x > 0 (19)
where B(·, ·) is the Beta function [17, eq. (8.380.1)]. Thus,
















Using (8), (14), (17) and (20) in (4), the average BER can
be calculated. There are three key parameters: N , I and the
1From (5), hst and htr are symmetric. Since the purpose of this letter is
to examine the effect of RIS on individual links, we don’t show the results
for the case when the T-R link uses RIS. They can be easily obtained by
replacing σpσqσtr with σpσqσst in the results in Section III.C. In the more
general case when both the S-T and T-R links use RIS, it is expected that
the performance will be ”doubly” improved but its mathematical derivation
seems not tractable.
DRR. From (3), the BER decreases when N increases. From
(8), (14), (17) and (20), the PDF of ρ only depends on the DRR





sr. From (8), (14), (17) and (20), the DDR appears
as a scaling parameter. Thus, when βo, βr, βt or βrt increase,
the PDF of ρ becomes more impulsive around 1 to increase
the average BER. The value of k (or I) appears as a shaping
parameter. A larger k leads to a mode of the PDF of ρ in (17)
and (20) closer to 0 and that in (14) closer to 1 to reduce and
increase the average BER, respectively, according to (3).
IV. NUMERICAL RESULTS AND DISCUSSION
We set βo = βr = βt = βrt = β for a fair comparison.
Fig. 2 examines the accuracy of the large SNR and Gamma
approximations. The definition of SNR follows the previous
works on ambient backscatter communications [5], [6], and the
values chosen are also similar to theirs. One sees from Fig. 2(a)
that, when γs increases, the average BER approaches a lower
limit. Thus, the large SNR approximations in Section III are
accurate when γs is larger than 20 dB. To further see this, Fig.
2(b) compares simulation at γs = 20dB with approximations
in Section III. There is a perfect match, showing the accuracy
of the approximations. In the following figures, we will only
use the approximations derived in Section III.
From Fig. 3, when I = 1, the performance is better than
when no RIS is used but as I increases, the performance
degrades. Comparing (5) with (10), the only difference is that
h′sr in the denominator is replaced by the sum
∑I
i=1 |u′i||v′i|.
When I = 1, E{∑Ii=1 |u′i||v′i|} = π4 < 1. This increases ρ to
reduce the BER. When I ≥ 2, E{∑Ii=1 |u′i||v′i|} = I π4 > 1.
This reduces ρ to increase the BER. In general, the increase
of the number of RIS elements in the S-R link is detrimental.
From Fig. 4, when I = 1, the performance degrades but as
I increases, the performance improves significantly. This is
opposite to what observed from Fig. 3. Comparing (5) with
(15), the only difference is that h′st in the numerator is replaced
by the sum
∑I




4 < 1. This reduces ρ to increase the BER. However, when
I ≥ 2, E{∑Ii=1 |p′i||q′i|} = I π4 > 1 This increases ρ to reduce
the BER. Thus, increasing the number of RIS elements in the
S-T link is beneficial. Fig. 5 uses RIS in both S-R and S-T
links. As I increases, the BER performance improves. The
improvement decreases with I .
V. CONCLUSION
The average BERs of ambient backscatter communications
systems using RIS have been analyzed. The analysis uses the
large SNR approximation as well as the Gamma approxima-
tion to obtain expressions in integral form rather than closed-
form. Their accuracy has been examined. Numerical results
have shown that an increase in the number of RIS elements in
the S-R link degrades performance while an increase in the S-
T link improves performance. This agrees with our intuition.
However, our results quantify the performance change. What
is not obvious is that, when both links use RIS, there is still
performance improvement but it is marginal when the number
of RIS elements increases. These conclusions are based on the
IEEE COMMUNICATIONS LETTERS, VOL. X, NO. X, XXX XXXX 4















(a) Simulation without RIS
s
 = 10 dB, N=50
s
 = 20 dB, N=50
s
 = 30 dB, N=50
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 = 10 dB, N=20
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 = 20 dB, N=20
s
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(b) Simulation and approximation
N=50, I=8
No RIS, simulated, 
s












 = 20 dB
S-R,S-T, approximation
Fig. 2. Accuracy of approximation.



















Fig. 3. Only the S-R link uses RIS (all curves are from approximations).
assumption that RIS is used to enhance the links, as often seen
in the literature. On the other hand, RIS may also be used to
weaken the links. For example, θi = π − ∠ui − ∠vi can be
used to weaken the reflected signal in (9). This is equivalent
to reducing the number of RIS elements. In this case, from
our results, the S-R link should be weakened while the S-T or
T-R links should be enhanced for better backscattering. Due
to the limited space, this will be studied as a future work.
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